Introduction
============

Liver cancer is the fifth most common cancer and the third leading cause of cancer-related deaths worldwide.[@b1-ijn-13-6855],[@b2-ijn-13-6855] Liver cancer stem cells (LCSCs) are a subpopulation of cancer cells that are responsible for the initiation, progression, drug resistance, recurrence, and metastasis of liver cancer.[@b3-ijn-13-6855]--[@b5-ijn-13-6855] LCSCs can be successfully enriched based on the use of various marker proteins such as CD133 and CD90.[@b6-ijn-13-6855] However, these targets are not highly specific or sensitive for the identification of LCSCs.[@b7-ijn-13-6855] In addition, the LCSCs isolated based on these markers exhibit low viability. Tumor sphere formation is thought to be a promising approach for the isolation of various types of cancer stem cells (CSCs).[@b8-ijn-13-6855] We previously successfully obtained tumor spheres enriched with LCSCs using the sphere formation approach.[@b9-ijn-13-6855]--[@b12-ijn-13-6855] Moreover, these tumor spheres from HepG2 liver cancer cells were confirmed to possess the characteristics of LCSCs and were used as a model of LCSCs to validate the in vitro and in vivo anti-CSC activities of salinomycin-loaded liposomes or nanomicelles.[@b9-ijn-13-6855]--[@b12-ijn-13-6855]

Current studies have indicated that the eradication of both CSCs and bulk non-CSCs is necessary because conversion of non-CSCs to CSCs occasionally occurs.[@b13-ijn-13-6855]--[@b15-ijn-13-6855] Therefore, the combined therapy that targets both CSCs and non-CSCs has been carried out to increase the therapeutic efficacy of cancer.[@b16-ijn-13-6855] We have developed the combined therapy with salinomycin and doxorubicin (DOX) via nanoliposomes to target both CSCs and non-CSCs, achieving superior therapeutic efficacy toward liver cancer compared with single therapy to CSCs or non-CSCs.[@b10-ijn-13-6855]

ATP-binding cassette (ABC) transporters are ubiquitous membrane-bound proteins that can transport substrates into or out of cells.[@b17-ijn-13-6855] ABC transporters include P-glycoproteins (P-gps; MDR1 and ABCB1), the ABCG2 protein, an ABC half-transporter, and multidrug resistance (MDR)-associated proteins (in the ABCC subfamily).[@b17-ijn-13-6855],[@b18-ijn-13-6855] ABC transporters transport a number of endogenous substrates across the plasma membrane and across intracellular membranes.[@b17-ijn-13-6855] By pumping various drugs out of cells at the expense of ATP, ABC transporters are responsible for MDR and the low bioavailability of drugs.[@b18-ijn-13-6855] The MDR of CSCs is thought to be attributable to the overexpression of ABC transporters,[@b19-ijn-13-6855] which also causes LCSCs to show characteristics of MDR, thereby greatly reducing the intracellular accumulation of chemotherapeutic drugs and resulting in poor therapeutic effects.[@b19-ijn-13-6855]--[@b23-ijn-13-6855] Furthermore, ABC transporters are not only expressed in CSCs and MDR cancer cells but also expressed abundantly in common cancer cells, thus conferring properties of drug resistance to common cancer cells.[@b24-ijn-13-6855],[@b25-ijn-13-6855] Therefore, inhibition of ABC transporters is helpful for eliminating both CSCs and non-CSCs.

ABC transporter inhibitors (ATIs) are small molecules that inhibit ABC transporters and have been reported to reverse the MDR of CSCs.[@b19-ijn-13-6855] Elacridar (ELC) is a third-generation P-gp inhibitor and acridone imidazole amide derivative that inhibits two ABC transporters (ie, ABCB1 and ABCG2).[@b26-ijn-13-6855]--[@b29-ijn-13-6855] Some studies have reported that ELC significantly inhibits the activity of ABC transporters and improves the therapeutic efficacy of chemotherapeutic drugs.[@b30-ijn-13-6855]--[@b32-ijn-13-6855] DOX is a widely used drug in the treatment of advanced liver cancer.[@b33-ijn-13-6855] Thus, we hypothesized that the combined therapy with ELC and DOX may exhibit superior therapeutic efficacy in liver cancer.

Currently, combination strategies are widely applied in cancer therapy and are a standard method for cancer treatment.[@b34-ijn-13-6855],[@b35-ijn-13-6855] Notably, combinations of anticancer drugs can interact synergistically, additively, or antagonistically.[@b34-ijn-13-6855] Thus, the optimized ratio of ELC and chemotherapeutic drugs should be screened to achieve the optimal therapeutic effect of the combined therapy. However, optimized ratios of drug combinations may not be realized in vivo due to differences in the pharmacokinetics, tissue distributions, and cell membrane penetration abilities of drugs.[@b34-ijn-13-6855]

Nanomedicine is the medical application of nanotechnology.[@b36-ijn-13-6855],[@b37-ijn-13-6855] During drug formulation, nanomedicine can be used to enhance the solubility, bioavailability, permeability, and stability of the formulated drug.[@b4-ijn-13-6855],[@b33-ijn-13-6855],[@b38-ijn-13-6855] Moreover, nanomedicine can deliver various drugs to the tumor site at the same time and synchronize the treatment in time and space. In addition, the in vivo pharmacokinetics and distribution of nanomedicine depend on the drug delivery system and are not related to the properties of the drug itself.[@b34-ijn-13-6855] Currently, a series of nanoparticle-based synergistic combination chemotherapy using DOX and other drugs have been reported.[@b39-ijn-13-6855],[@b40-ijn-13-6855] Thus, in this study, we used poly(lactide-co-glycolide) (PLGA)/d-alpha-tocopherol polyethylene glycol 1000 succinate (TPGS) nanoparticles to achieve a synergistic combination of DOX and ATIs. PLGA is a US Food and Drug Administration (FDA)-approved and widely investigated biodegradable polymer used in biomedical applications.[@b41-ijn-13-6855] The advantages of PLGA nanoparticles include controlled and sustained release, high-drug loading, and superior stability.[@b42-ijn-13-6855] TPGS is a water-soluble derivative of natural vitamin E. TPGS has been widely used as a surfactant, emulsifier, solubilizer, and stabilizer in the preparation of nanoparticles and other drug delivery systems.[@b43-ijn-13-6855] Several studies have shown that TPGS is also a potent inhibitor of ABC transporters and can overcome MDR in a variety of tumors.[@b43-ijn-13-6855]--[@b46-ijn-13-6855] Therefore, the inclusion of TPGS in PLGA nanoparticles can increase the drug encapsulation efficiency of the nanoparticles, reduce particle size, inhibit the activity of ABC transporters, and enhance the therapeutic effects of drugs.[@b47-ijn-13-6855]--[@b49-ijn-13-6855]

In this study, to achieve the synergistic action of DOX and ELC in therapy of liver cancer, we optimized the ratio of DOX and ELC by median-effect analysis for drug combinations. Then, DOX and ELC with the optimized ratio were loaded into PLGA/TPGS nanoparticles. The cytotoxicity and tumor sphere formation ability of nanoparticles were investigated in vitro, and the tissue distribution and antitumor activity of nanoparticles were investigated in vivo. Our results showed that the combined therapy with DOX and ELC by nanoparticles achieved superior therapeutic efficacy toward both LCSCs and liver cancer cells.

Materials and methods
=====================

Materials, cell culture, and mice
---------------------------------

DOX was purchased from Dalian Meilun Biotech Co., Ltd. (Dalian, China; purity, ≥98%). ELC was purchased from Nanjing Chemlin Chemical Industry Co., Ltd. (Nanjing, China; purity, 98%). PLGA (acid terminated, lactide:glycolide, 50:50; molecular weight: 24,000--38,000 Da), TPGS, dimethyl sul-foxide (DMSO), EGF, basic fibroblast growth factor (bFGF), and insulin--transferrin--selenium (ITS) were obtained from Sigma-Aldrich Co. (St Louis, MO, USA). DMEM with high glucose, DMEM-F12, penicillin-streptomycin, and PBS were provided by Thermo Scientific Hyclone (IL, USA). FBS, B27, StemPro Accutase Cell Dissociation Reagent, and trypsin-- EDTA solution were provided by Thermo Fisher Scientific (Waltham, MA, USA). The Cell Counting Kit 8 (CCK-8) was obtained from Dojindo Laboratories (Kumamoto, Japan). DiR was purchased from Biotium (CA, USA). DAPI and polylysine were purchased from Beyotime Biotechnology (Shanghai, China). Crystal violet and all organic reagents were purchased from Sinopharm (Shanghai, China).

HepG2 human liver cancer cells were purchased from American Type Culture Collection (Manassas, VA, USA) and maintained in a humidified atmosphere of 5% CO~2~ at 37°C. The cells were cultured in DMEM supplemented with 10% FBS, 100 U/mL penicillin, and 100 µg/mL streptomycin. To obtain HepG2 tumor spheres (HepG2-TSs), HepG2 cells were plated at 1×10^4^ cells/mL in DMEM-F12 supplemented with 1× B27, 20 ng/mL bFGF, 20 ng/mL EGF, and 1× ITS. The medium was added to 3 mL fresh medium for 3 days. After about 7 days, HepG2-TS formed. Tumor spheres were enzymatically dissociated once a week by incubating in StemPro Accutase Cell Dissociation Reagent Thermo Fisher Scientific (Waltham, MA, USA) for 10 minutes at 37°C and plated at 1×10^4^ cells/mL. Before the experiment, all cells were passed through a 100-µm sieve (Becton Dickinson; Franklin Lakes, NJ, USA). From this, we demonstrated that HepG2-TS possessed the characteristics of LCSCs.[@b9-ijn-13-6855]--[@b12-ijn-13-6855]

All animal procedures were approved by the Committee on Animals of the Second Military Medical University. All animal procedures were performed in accordance with the guidelines of the Committee on Animal of the Second Military Medical University. All nude mice (male, 18--20 g, 6--8 weeks of age) were purchased from Shanghai Experimental Animal Center of Chinese Academic of Sciences (Shanghai, China). Before use in experiments, the mice were allowed to acclimate for 3 days.

Median-effect analysis of drug combinations
-------------------------------------------

The cytotoxic effects of DOX and ELC against HepG2 cells and HepG2-TS were measured by CCK-8 assays. Briefly, the cells were seeded in 96-well plates at a density of 5×10^3^ cells/well and incubated overnight at 37°C to allow for cell attachment. The cells were then incubated for 48 hours with a series of varying concentrations of DOX, ELC, or DOX+ELC. For studies on the combined effects of DOX and ELC, fixed molar ratios of DOX and ELC (4:1, 2:1, 1:1, 1:2, and 1:4) were used. Subsequently, 10 µL CCK-8 solution was added to each well to evaluate cytotoxicity. After incubation for about 2 hours, the absorbance of each well was measured at 450 nm using a Multiskan MK3 Microplate Reader (Thermo Fisher Scientific). The following formula was used to calculate the cell viability: (\[A~E~--A~B~\]/\[A~C~--A~B~\]) × 100%. A~E~, A~C~, and A~B~ were defined as the absorbance of experimental samples, untreated samples, and blank controls, respectively. The optimal synergistic molar ratio of DOX and ELC was calculated using CompuSyn software (Biosoft, Cambridge, UK), a software program developed using the median-effect principle described by Chou and Talalay.[@b50-ijn-13-6855] The combination index (CI) represents the effect of combination drugs, and CI\<1, CI=1, and CI\>1 express synergistic, additive, and antagonistic effects, respectively.

Preparation of nanoparticles
----------------------------

The nanoprecipitation method was employed to generate nanoparticles as described previously.[@b51-ijn-13-6855] Briefly, DOX⋅HCl (2 mg) was dissolved in 4 mL dimethylformamide (DMF) containing 3 µL triethylamine for 12 hours at room temperature, and 90 mg PLGA/TPGS mixture (with 20% TPGS percentage) and ELC were dissolved in 4 mL DMF. Then, the two solutions were mixed and injected into 0.03% (w/v) TPGS aqueous solution under stirring to form a homogenous emulsion. The extra organic solvent was removed by dialysis with a dialysis bag (MWCO, 3500) overnight. Then, the resulting nanoparticles were centrifuged and washed to remove the free drugs and excess TPGS. The nanoparticles were resuspended and frozen-dry for 48 hours to generate nanoparticle powders. DiR-loaded nanoparticles (NDiRs) were developed by incorporating DiR into the nanoparticles as ELC. The following terms were used: blank nanoparticles (NBs), DOX-loaded nanoparticles (NDs), ELC-loaded nanoparticles (NEs), nanoparticles loaded with DOX and ELC at the optimized ratio (NDEs), and NDiRs.

Western blotting
----------------

Western blot analysis of ABCG2 and P-gp was performed as described previously.[@b52-ijn-13-6855] Briefly, extracted protein (40 µg) was separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis on 10% gradient gels and transferred to polyvinylidene fluoride membranes. Blots were incubated with primary rabbit anti-human ABCG2 or P-gp monoclonal antibodies (1:1,000, Abcam, Cambridge, UK), followed by incubation with secondary antibodies (1:5,000, horseradish peroxidase-labeled goat anti-rabbit IgG; Abcam). The bands were detected with an enhanced chemiluminescence kit (GE Healthcare; Chicago, IL, USA) and visualized with a ChemiDoc XRS system (Bio-Rad Laboratories Inc., Hercules, CA, USA).

In vitro cellular uptake
------------------------

The cellular uptake of nanoparticles in HepG2 cells or HepG2-TS was determined by confocal laser scanning microscopy (CLSM; TCS-SP5; Leica Microsystems, Wetzlar, Germany). DOX was used as a fluorescence probe. Briefly, HepG2 cells or HepG2-TS were seeded on glass bottom dishes treated with free DOX or ND, which had an equivalent concentration of DOX (0.1 µM) for 2 hours at 37°C. After incubation, the cells were washed with PBS for three times and fixed with 4% paraformaldehyde for 10 minutes. Then, the cells were stained with 1 mg/mL DAPI for 10 minutes and washed three times. Finally, the immunofluorescence of cells was observed by CLSM.

Cytotoxicity assays
-------------------

The cytotoxic effects of nanoparticles against HepG2 cells and HepG2-TS were measured using CCK-8 assays. Briefly, the cells were seeded at a density of 5×10^3^ cells/well in 96-well plates and incubated overnight. Then, the medium was replaced with fresh medium containing varying concentrations of DOX, ELC, DOX+ELC, NB, ND, NE, ND+NE, or NDE and incubated for 48 hours. Next, 10 µL CCK-8 solution was added to each well to evaluate cytotoxicity. After incubation for about 2 hours, the absorbance of each well was measured at 450 nm using a Multiskan MK3 Microplate Reader (Thermo Fisher Scientific). The following formula was used to calculate the cell viability: (\[A~E~--A~B~\]/\[A~C~--A~B~\]) × 100%. A~E~, A~C~, and A~B~ were defined as the absorbance of experimental samples, untreated samples, and blank controls, respectively.

Colony formation assays
-----------------------

HepG2 cells were seeded at a density of 1×10^5^ cells/well in 12-well plates and incubated overnight. Then, the cells were incubated with DOX, ELC, DOX+ELC, NBs, ND, NE, ND+NE, or NDE (the final concentrations of both DOX and ELC were 0.01 µM). After incubation for 24 hours, the cells were trypsinized and seeded in six-well plates at a density of 800 cells/well and then grown in a culture medium for 8--10 days at 37°C. Finally, colonies were stained with 1% crystal violet for 20 minutes at room temperature, and the number of colonies was counted under a microscope.

Tumor sphere formation assays
-----------------------------

HepG2 cells were trypsinized and seeded at a density of 500 cells/well in Corning ultra-low adherent 96-well plates (Tewksbury, MA, USA) and incubated overnight. The components of cell medium included DMEM/F12, B27 (1×), ITS (1×), EGF (20 ng/mL), and bFGF (20 ng/mL). The cells were then incubated with DOX, ELC, DOX+ELC, NB, ND, NE, ND+NE, or NDE (the final concentrations of both DOX and ELC were 0.15 µM). After 7 days, the number of tumor spheres was counted under a microscope.

Tissue distribution study in vivo
---------------------------------

Analysis of the tissue distribution of nanoparticles was performed as described below. DiR was used as a fluorescence probe in vivo. Briefly, BALB/c nude mice (male, 4--6 weeks, about 20 g) were inoculated subcutaneously into the right back with 2×10^6^ HepG2 cells. When tumor volume reached about 300 mm^3^, the mice bearing the tumors were randomly assigned to three groups: saline, free DiR, and NDiR. Then, saline, free DiR, and NDiR were injected intravenously as a single dose (10 µg DiR per mouse) via the tail vein. The mice were anesthetized by isoflurane, and in vivo fluorescence images were observed and recorded at excitation/emission wavelengths of 745/820 nm using a Maestro in vivo imaging system (Maestro, MA, USA) at predetermined time points (2, 4, 6, 8, 12, and 24 hours). After 24 hours, the mice were euthanized, and the excised organs and tumors were imaged. Quantitative analysis of DiR accumulation in the organs and tumors was expressed by the total radiant efficiency (\[p/s\]/\[µW/cm^2^\]).

Pharmacokinetic studies
-----------------------

Fifteen Sprague Dawley (SD) rats (male, 200±20 g) were randomly assigned to three groups (five per group). The rats were intravenously administered with DOX+ELC, ND+NE, and NDE, equivalent to 5 and 5.18 mg/kg of DOX and ELC, respectively. Blood samples were collected from the fossa orbitalis vein into heparinized centrifuge tubes at different time points and immediately centrifuged at 12,000 rpm for 15 minutes to collect the plasma fraction. All plasma samples were pretreated as follows: 100 µL of plasma was mixed with 100 µL of daunorubicin (10 µg/mL) and 200 µL of methanol. After vortexing for 1 minute, the sample was centrifuged at 12,000 rpm for 5 minutes, and 100 µL of the supernatant was separated for liquid chromatography -- mass spectrometry analysis. Plasma concentrations of DOX and ELC were determined using an Agilent Technologies 1200 series LC/MS system (Agilent Technologies, Santa Clara, CA, USA) equipped with a Symmetry C18 column (3.0×100 mm, 3.5 µm; Milford, MA, USA). The mobile phase was composed of A/B with gradient conditions of 70:30 (v/v) at 1.5--5.0 minutes, gradually changing to 30:70 (v/v) at 5.0--5.5 minutes and 30:70 (v/v) at 5.5--9.0 minutes, where A was 0.1% (v/v) formic acid in water, B was acetonitrile, and flow rate was 0.8 mL/min. Quantification was performed using selected ion monitoring-positive mode with DOX ion m/z 544.2 \[M+H\]+, ELC ion m/z 564.3 \[M+H\]+, and daunorubicin m/z 528.2 \[M+H\]+. The optimal mass parameters were as follows: Fragmentor, 100 eV; drying gas flow rate, 10 L/min; nebulizer pressure, 45 psig; and drying gas temperature, 350°C. Pharmacokinetics parameters were calculated using the BAPP software.

In vivo antitumor assays of nanoparticles in mice
-------------------------------------------------

The therapeutic effects of the nanoparticles in vivo were evaluated in mice bearing subcutaneous tumors derived from liver cancer cells. Briefly, the BALB/c nude mice (male, 4--6 weeks, about 20 g) were inoculated subcutaneously on the right back with 1.5×10^6^ HepG2 cells. When the tumor volume reached about 80 mm^3^, nude mice bearing tumors were randomly assigned to nine groups (n=6 mice per group). Then, mice were injected intravenously with DOX, ELC, DOX+ELC, NB, ND, NE, ND+NE, and NDE every 3 days for four times, and the doses of DOX and ELC were 5 and 5.18 mg/kg, respectively, to maintain a synergistic ratio. After the fourth treatment, mice were observed for another 2 weeks. Tumors were measured using a caliper every 3 days, and the tumor volume was calculated using the following formula: (width[@b2-ijn-13-6855]× length)/2. The body weights of the mice were monitored every 3 days.

Statistical analyses
--------------------

Data in this study were analyzed using SPSS 13.0 software (SPSS Inc., Chicago, IL, USA). Student's unpaired *t*-tests and one-way ANOVA with Dunnett's or Newman Keul's posttests were used. Differences with *P*-values less than 0.05 indicated significance.

Results
=======

ABCG2 and P-gp overexpression in HepG2-TS
-----------------------------------------

Western blot analysis revealed that HepG2-TS abundantly expressed ABCG2 and P-gp ([Figure 1](#f1-ijn-13-6855){ref-type="fig"}). The expression levels of ABCG2 and P-gp were higher in HepG2-TS than in HepG2 cells.

In vitro screening of DOX and ELC for synergy and antagonism
------------------------------------------------------------

To screen the synergistic ratio of DOX and ELC, the median-effect analysis described by Chou and Talaly[@b50-ijn-13-6855] was used. First, the cytotoxicity of DOX and ELC was determined in HepG2 cells and HepG2-TS. DOX and ELC showed concentration-dependent cytotoxicity toward HepG2 cells and HepG2-TS ([Figure 2](#f2-ijn-13-6855){ref-type="fig"}). The half maximal inhibitory concentrations (IC~50~) of DOX and ELC were calculated and compared between HepG2 cells and HepG2-TS. The IC~50~ values of DOX were 0.230±0.022 and 0.477±0.0514 µM in HepG2 cells and HepG2-TS, respectively, and the IC~50~ values of ELC were 9.266±2.609 and 13.740±4.271 µM in HepG2 cells and HepG2-TS, respectively. The IC~50~ values of DOX and ELC were significantly increased in HepG2-TS compared with those in HepG2 cells (*P*\<0.05). These data indicated that HepG2 cells were more sensitive to DOX and ELC than HepG2-TS.

Subsequently, various ratios and concentrations of DOX and ELC were incubated with HepG2 cells and HepG2-TS to evaluate cytotoxicity and determine the optimal synergistic ratio ([Figure 3](#f3-ijn-13-6855){ref-type="fig"}). Synergistic interactions were observed in vitro at certain drug/drug molar ratios, whereas other ratios resulted in an additive or antagonistic effect. Synergy reflected by CI,1 was observed at most of the molar ratios and high drug concentrations (high fraction affected), whereas low drug concentrations (low fraction affected) expressed antagonistic effects in HepG2 cells and HepG2-TS. Notably, the CI values of the DOX/ELC molar ratio of 1:1 were lower than 1 at most drug concentrations in HepG2 cells and were lower than those of other DOX/ELC molar ratios at every drug concentration in HepG2-TS. Thus, the DOX/ELC molar ratio of 1:1 was considered the optimal synergistic ratio and was chosen for co-encapsulation of the two drugs in the nanoparticles.

Characterization of PLGA/TPGS nanoparticles
-------------------------------------------

NDE had a small size of 47.78 nm with a relatively narrow PDI of 0.169, and the encapsulation efficiencies were 56.58% for DOX and 51.66% for ELC. The drug release profile was evaluated in NDE at pH 7.4. The release rates of DOX and ELC were basically maintained at the 1:1 ratio. After 7 days, about 55% of DOX and 44% of ELC were released.

In vitro cellular uptake of nanoparticles
-----------------------------------------

To evaluate the cellular uptake of drug-loaded nanoparticles in HepG2 cells and HepG2-TS, ND was prepared to confirm the cellular uptake profile of the nanoparticles. As shown in [Figure 4](#f4-ijn-13-6855){ref-type="fig"}, the images were obtained from the red fluorescence of DOX and the blue fluorescence of DAPI staining the nuclei. In both HepG2 cells and HepG2-TS, ND showed significantly increased fluorescence intensity than free DOX, indicating that nanoparticles could enhance the internalization of DOX in liver cancer cells. Moreover, the red fluorescence intensity of ND in HepG2-TS was stronger than that in HepG2 cells, suggesting that nanoparticles could improve the osmosis in HepG2-TS.

In vitro cytotoxicity of nanoparticles
--------------------------------------

First, the cytotoxicity of NB was evaluated in HepG2 cells and HepG2-TS. As shown in [Figure 5A and B](#f5-ijn-13-6855){ref-type="fig"}, NB had low toxicity toward the cells at a wide range of copolymer concentrations (\~500 µM), as reflected by the fact that the cell viability still exceeded 85%, even at the highest polymer concentration. Then, the in vitro cytotoxicity of drug-loaded nanoparticles and free drugs was evaluated in HepG2 cells and HepG2-TS ([Figure 5C--F](#f5-ijn-13-6855){ref-type="fig"}). All drugs showed concentration-dependent cytotoxicity. In HepG2 cells, the IC~50~ of DOX+ELC was significantly lower than that of DOX (*P*\<0.01) and the IC~50~ of NDE was significantly lower than that of ND (*P*\<0.01), suggesting that the combination therapy was superior to the monotherapy. The IC~50~ of NDE was significantly lower than that of ND+NE (*P*\<0.05), indicating that codelivery of nanoparticles showed enhanced cytotoxicity against HepG2 cells compared with the two nanoparticles alone. Similarly, in HepG2-TS, the IC~50~ of ND was significantly lower than that of DOX (*P*\<0.01), and the IC~50~ values of ND+NE and NDE were significantly lower than that of DOX+ELC (*P*\<0.001), suggesting that drug-loaded nanoparticles enhanced the cytotoxicity of free drugs. The IC~50~ values of ND+NE and NDE were significantly lower than that of ND (*P*\<0.001).

Effects of nanoparticles on colony formation in vitro
-----------------------------------------------------

Colonies were visualized by crystal violet staining. HepG2 cells were treated with free drugs or nanoparticles for 24 hours and grown in fresh culture medium for 8--10 days. The number of colonies formed was then counted under a microscope ([Figure 6](#f6-ijn-13-6855){ref-type="fig"}). Both DOX and ELC reduced the formation of colonies compared with the control (*P*\<0.01 and *P*\<0.05, respectively). Compared with DOX or ELC, the formation of colonies was significantly reduced by DOX+ELC (*P*\<0.001 and *P*\<0.001, respectively), indicating that combination therapy was superior to monotherapy. Similar results were obtained in nanoparticles; the number of colonies was significantly decreased by ND and NE compared with that by NB (*P*\<0.001 and *P*\<0.001, respectively). In addition, NDE significantly decreased colonies compared with ND (*P*\<0.001), NE (*P*\<0.001), and ND+NE (*P*\<0.001), suggesting that the nanoparticle-mediated combined therapy was superior to the nanoparticle-mediated monotherapy and that codelivery of nanoparticles greatly reduced colony formation.

Effects of nanoparticles on the proportion of CSCs in vitro
-----------------------------------------------------------

Because tumor sphere formation is correlated with the proportion of CSCs, we used tumor sphere formation to evaluate the effects of nanoparticles on the proportion of CSCs in vitro. As shown in [Figure 7](#f7-ijn-13-6855){ref-type="fig"}, DOX and ELC treatments decreased tumor sphere formation compared with that in the control (*P*\<0.001 and *P*\<0.001, respectively). Compared with DOX or ELC, DOX+ELC significantly reduced the formation of tumor spheres (*P*\<0.001 and *P*\<0.001, respectively), indicating that combination therapy was superior to monotherapy. Simultaneously, NDE and ND+NE significantly reduced the formation of tumor spheres compared with ND (*P*\<0.001) or NE alone (*P*\<0.001), whereas there were no differences in tumor sphere formation between NDE and ND+NE, suggesting that the nanoparticle-mediated combined therapy was superior to the nanoparticle-mediated monotherapy.

Tumor distribution in vivo
--------------------------

To evaluate the tissue distribution of nanoparticles in mice bearing subcutaneous tumors, the mice were treated with saline, free DiR, and NDiR via the tail vein. Real-time images are shown in [Figure 8A](#f8-ijn-13-6855){ref-type="fig"}. Obvious DiR signals of NDiR were observed in tumors within 2 hours and gradually increased. At 12 hours, the fluorescence of NDiR peaked and then gradually decreased. No obvious DiR signals were observed for free DiR. To further investigate the tissue distribution of nanoparticles, the tumors and major organs were excised and collected after 24 hours. As shown in [Figure 8B and C](#f8-ijn-13-6855){ref-type="fig"}, free DiR mainly accumulated in the liver and spleen, and NDiR accumulated in the heart, liver, spleen, lung, kidney, and tumor, with most accumulation observed in the liver and tumor. These results further confirmed that NDiR were more effectively accumulated in tumors.

Pharmacokinetic studies
-----------------------

Data were analyzed by BAPP, and a noncompartment model was applied to fit. As shown in [Figure 9](#f9-ijn-13-6855){ref-type="fig"}, the blood concentration of DOX and ELC was drawn over time in three prescriptions. As shown in [Tables 1](#t1-ijn-13-6855){ref-type="table"} and [2](#t2-ijn-13-6855){ref-type="table"}, compared with free drugs, NDs and NEs could prolong the half-life, reduce the clearance rate, and increase the area under the curve (AUC), which showed that nanoparticles could prolong the circulation time and increase the concentrations of DOX and ELC in vivo.

Inhibition of subcutaneous tumor growth by nanoparticles in vivo
----------------------------------------------------------------

As shown in [Figure 10](#f10-ijn-13-6855){ref-type="fig"}, the antitumor efficacy of free drugs and nanoparticles was evaluated in nude mice bearing subcutaneous HepG2 tumors. First, at the end of the experiment, the tumor volumes of ELC, NE, and NB groups were similar to those in the control group treated with saline (*P*\>0.05), and the tumor volume in the NDE group was significantly lower than those in the other drug groups (*P*\<0.01; [Figure 10A and B](#f10-ijn-13-6855){ref-type="fig"}). Next, the excised tumors were weighed, and the tumor inhibitory rate was calculated at the end of the experiment ([Figure 10C--E](#f10-ijn-13-6855){ref-type="fig"}). Analysis of tumor morphology showed that the tumor sizes in the ELC, NE, and NB groups were as large as those in the saline-treated group, and the tumor sizes in the NDE group were smaller than those in the other drug treatment groups. The mean tumor weights in the NDE-treated group were significantly lower than those in the DOX+ELC group (*P*\<0.01) and ND+NE group (*P*\<0.01). The tumor inhibitory rate in the NDE group was higher than that in the other drug treatment groups (89.99% for NDEs). These results indicated that NDE showed better antitumor effects and that the nanoparticle-mediated combined therapy was superior to the nanoparticle-mediated monotherapy. However, there were no differences in antitumor effects between DOX+ELC and ND+NE groups.

To assess the systemic toxicity of all treatments in nude mice bearing tumors, body weights of mice were measured every 3 days in the experiment. As shown in [Figure 10E and F](#f10-ijn-13-6855){ref-type="fig"}, the body weights of mice treated with drug-loaded nanoparticles did not cause any significant decreases compared with those in the control group. However, the change rate in body weights of mice in the DOX+ELC group was lower than 80%, indicating that DOX+ELC caused systemic toxicity in mice.

Discussion
==========

Recent studies have suggested that the eradication of both LCSCs and liver cancer cells is necessary because the conversion of CSCs to cancer cells occasionally occurs.[@b13-ijn-13-6855]--[@b16-ijn-13-6855] Due to the overexpression of ABC transporters in both LCSCs and liver cancer cells, combinations of ATIs and chemotherapy drugs could increase the therapeutic efficacy of liver cancer. Therefore, we developed NDE (PLGA/TPGS nanoparticles for codelivery of DOX and ELC) to target both LCSCs and liver cancer cells and showed that these nanoparticles exhibited superior therapeutic efficacy against liver cancer.

The biosafety of nanoparticles is a major problem. Nanomaterials are composed of either inorganic or organic materials; inorganic materials cannot be degraded, whereas organic materials can be degraded and exhibit good biosafety. In this study, the prepared nanomaterials were highly bio-compatible. PLGA is an FDA-approved material, and TPGS, a derivative of vitamin E, is also a pharmaceutical excipient approved by the FDA.[@b41-ijn-13-6855],[@b43-ijn-13-6855] Furthermore, both DOX and ELC are FDA-approved drugs, and we also evaluated the systemic toxicity of drugs by assessing changes in body weight during treatment. The results showed that the body weight change rate in mice in the DOX+ELC group was lower than 80%, indicating that DOX+ELC was not well tolerated in mice; in contrast, ND, ND+NE, and NDE were well tolerated in mice, indicating that drug-loaded nanoparticles may be a safe intervention in liver cancer therapy. Therefore, our nanoparticles exhibited good biological safety and clinical application prospects.

In our study, we choose DOX and ELC for the combined therapy to achieve enhanced therapeutic effects. DOX is the first-line drug for various cancers, and the development of liposomes, reduced toxicity of DOX, and improved efficacy of drugs, such as Doxil, Caelyx, and Myocet, have been achieved.[@b53-ijn-13-6855]--[@b55-ijn-13-6855] ELC, a third-generation P-gp inhibitor, can inhibit ABC transporters (ABCB1 and ABCG2), which is the main reason for MDR in CSCs.[@b26-ijn-13-6855]--[@b29-ijn-13-6855] This compound has been used to inhibit ABC transporters and enhance the therapeutic effects of chemotherapeutic drugs.[@b30-ijn-13-6855]--[@b32-ijn-13-6855] Although there are many clinical or experimental cases of chemotherapeutic drugs combined with ATIs, most are combinations of free drugs. Indeed, in this study, we used PLGA/TPGS nanoparticles to achieve a combination of chemotherapeutic drugs and ATIs for the first time. We used TPGS and PLGA to prepare the nanoparticles, yielding the following advantages. First, the preparation process was simple and avoided the steps of synthesizing PLGA and TPGS copolymers. Because of the hydrophobicity of PLGA, PEG or TPGS modification is needed to improve hydrophilicity to form an amphiphilic copolymer, whereas the preparation of our nanoparticles could avoid this process. Second, TPGS is not only an emulsifier but also a potent inhibitor of ABC transporters, allowing MDR to be overcome. In addition, TPGS could be used as an antitumor drug to induce apoptosis or combined with other antitumor drugs to achieve synergistic effects.[@b56-ijn-13-6855],[@b57-ijn-13-6855]

Combined therapies that target both CSCs and non-CSCs are considered a promising approach to eradicate cancer due to the occasional conversion of non-CSCs to CSCs.[@b13-ijn-13-6855]--[@b16-ijn-13-6855] For example, we have developed a combined therapy with salinomycin and chloroquine via nanoliposomes to target both CSCs and non-CSCs, achieving superior therapeutic efficacy toward liver cancer compared with single therapy in CSCs or non-CSCs.[@b11-ijn-13-6855] The mechanisms leading to MDR are frequently caused by transmembrane xenobiotic transport molecules belonging to the superfamily of ABC transporters. Indeed, because of the overexpression of ABC transporters in CSCs, the combination of ATIs and chemotherapeutic drugs can overcome the MDR of CSCs. Furthermore, both CSCs and non-CSCs overexpress ABC transporters; therefore, the combination of ATIs and chemotherapeutic drugs can eliminate both CSCs and non-CSCs. Currently, most of the strategies for targeting CSCs and non-CSCs are combined with anti-CSC and anti-non-CSC drugs. To the best of our knowledge, this is the first study combining ATIs and chemotherapeutic drugs to achieve combined killing effects in CSCs and non-CSCs. Moreover, the combination of ATIs and chemotherapeutic drugs can also kill MDR cancer cells. Therefore, our combined strategy could simultaneously kill CSCs, MDR cancer cells, and common cancer cells, thus supporting the potential for good combined effects.

Because the combination of anticancer drugs could interact synergistically, additively, or antagonistically, implementation of the combined strategy is a challenge. In many previous combined strategies, these effects of drugs were not considered, and drugs could therefore interact antagonistically, thereby reducing the combined effects. In this study, we first optimized the drug ratio of DOX and ELC to achieve synergistic antitumor effects by the median-effect method. However, drug uptake at tumor sites is inconsistent, and it is difficult to achieve the optimal synergistic ratio, leading to the failure of combination therapy. Therefore, we prepared PLGA/TPGS nanoparticles for codelivery of DOX and ELC to reach the tumor site with an optimized synergistic ratio. Our findings showed that NDE enhanced the cytotoxicity of free DOX and ELC in both liver cancer cells and LCSCs in vitro and exhibited better tumor targeting and the best antitumor activity among all treated groups.

Conclusion
==========

In this study, we performed cell-based experiments in vitro and pharmacodynamic experiments in vivo to evaluate the effects of NDE with the optimized synergistic ratio. Our results showed that NDE and ND+NE enhanced the cytotoxicity of free DOX and ELC in both liver cancer cells and LCSCs in vitro, with NDE showing the best antitumor activity among all treated groups. In conclusion, this combination therapy of PLGA/TPGS nanoparticles for codelivery of DOX and ELC was found to have a great potential for targeting liver cancer and improving therapeutic efficacy.
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![Western blot analysis of the expression of (**A**) ABCG2 and (**B**) P-gp in HepG2 cells and HepG2-TS.\
**Abbreviations:** HepG2-TS, HepG2 tumor sphere; P-gp, P-glycoprotein.](ijn-13-6855Fig1){#f1-ijn-13-6855}

![The concentration-dependent cytotoxicity induced by (**A** and **C**) DOX and (**B** and **D**) ELC in HepG2 cells and HepG2-TS at 48 hours. Data are presented as mean±standard deviation (n=3).\
**Abbreviations:** DOX, doxorubicin; ELC, elacridar; HepG2-TS, HepG2 tumor sphere.](ijn-13-6855Fig2){#f2-ijn-13-6855}

![In vitro cellular uptake of nanoparticles.\
**Notes:** HepG2 cells (**A**) and HepG2-TS (**B**) were treated with free DOX and DOX-loaded PLGA nanoparticles after 2 hours, followed by staining with DAPI for nuclei. The red fluorescence of DOX and blue fluorescence of DAPI were analyzed by a confocal laser scanning microscopy. Bars represent 75 µm.\
**Abbreviations:** DOX, doxorubicin; ND, DOX-loaded nanoparticle; HepG2-TS, HepG2 tumor sphere; PLGA, poly(lactide-co-glycolide).](ijn-13-6855Fig3){#f3-ijn-13-6855}

![In vitro screening of DOX and ELC for synergy in (**A**) HepG2 cells and (**B**) HepG2-TS as a function of the DOX/ELC ratio and drug concentrations.\
**Notes:** Fraction affected means the fraction of the cell that was killed. CI values of \<1, 1, and \>1 indicate synergy, additivity, and antagonism, respectively. Data are presented as mean±standard deviation (n=3).\
**Abbreviations:** CI, combination index; DOX, doxorubicin; ELC, elacridar; HepG2-TS, HepG2 tumor sphere.](ijn-13-6855Fig4){#f4-ijn-13-6855}

![The concentration-dependent cytotoxicity induced by nanoparticles in HepG2 cells (**A**, **C**, and **D**) or HepG2-TS (**B**, **E**, and **F**).\
**Notes:** The cells were incubated for 24 hours with varying concentrations of nanoparticles or free DOX or ELC, and the cell viability was evaluated by CCK-8 assays. Data are presented as mean±standard deviation (n=3). ^\*^*P*\<0.05; ^\*\*^*P*\<0.01; ^\*\*\*^*P*\<0.001.\
**Abbreviations:** CCK-8, Cell Counting Kit 8; DOX, doxorubicin; ELC, elacridar; HepG2-TS, HepG2 tumor sphere; IC~50~, half maximal inhibitory concentration; NB, blank nanoparticle; ND, DOX-loaded nanoparticle; NDE, nanoparticles loaded with DOX and ELC at the optimized ratio; NE, ELC-loaded nanoparticle.](ijn-13-6855Fig5){#f5-ijn-13-6855}

![Clonogenic assay of nanoparticles or free DOX or ELC in HepG2 cells.\
**Notes:** (**A**) Representative images of single-cell clone proliferation, stained with crystal violet. (**B**) Quantification of the results (**A**). Data are presented as mean±standard deviation (n=3). ^\*^*P*\<0.05; ^\*\*^*P*\<0.01; ^\*\*\*^*P*\<0.001.\
**Abbreviations:** DOX, doxorubicin; ELC, elacridar; NB, blank nanoparticle; ND, DOX-loaded nanoparticle; NDE, nanoparticles loaded with DOX and ELC at the optimized ratio; NE, ELC-loaded nanoparticle.](ijn-13-6855Fig6){#f6-ijn-13-6855}

![Effect of nanoparticles on the CSC proportions in HepG2 cells, as reflected by tumor sphere formation ability.\
**Notes:** (**A**) Representative images of tumor sphere formation in HepG2 cells. Bars represent 100 µm. (**B**) Measurement of tumor sphere formation in HepG2 cells. Data are presented as mean±standard deviation (n=3). ^\*^*P*\<0.05; ^\*\*\*^*P*\<0.001.\
**Abbreviations:** CSC, cancer stem cell; DOX, doxorubicin; ELC, elacridar; NB, blank nanoparticle; ND, DOX-loaded nanoparticle; NDE, nanoparticles loaded with DOX and ELC at the optimized ratio; NE, ELC-loaded nanoparticle.](ijn-13-6855Fig7){#f7-ijn-13-6855}

![Tissue distribution in vivo. BALB/c nude mice bearing HepG2 liver cancer-derived tumors were given tail vein injections of saline, free DiR, or NDiR.\
**Notes: (A)** Time-dependent in vivo images of mice after treatment with formulations. (**B**) Ex vivo images of tumors and other organs at 24 hours postinjection of the formulations. (**C**) The total radiant efficiency of tumors and excised organs at 24 hours postinjection of the formulations. Data are presented as mean±standard deviation (n=3). ^\*^*P*\<0.05; ^\*\*^*P*\<0.01; ^\*\*\*^*P*\<0.001.\
**Abbreviation:** NDiR, DiR-loaded nanoparticle.](ijn-13-6855Fig8){#f8-ijn-13-6855}

![Pharmacokinetic studies after iv injection of DOX+ELC, ND+NE, and NDE (5 mg/kg DOX and 5.18 mg/kg ELC) to SD rats via the tail vein.\
**Notes:** (**A**) Mean plasma concentration vs time of DOX after iv injection of DOX+ELC, ND+NE, and NDE at a dose of 5 mg/kg. (**B**) Mean plasma concentration vs time of ELC after iv injection of DOX+ELC, ND+NE, and NDE at a dose of 5.18 mg/kg. The pharmacokinetic parameters were analyzed with the BAPP software and are shown in [Tables 1](#t1-ijn-13-6855){ref-type="table"} and [2](#t2-ijn-13-6855){ref-type="table"}. Data are presented as mean±standard deviation (n=5).\
**Abbreviations:** DOX, doxorubicin; ELC, elacridar; iv, intravenous; ND, DOX-loaded nanoparticle; NDE, nanoparticles loaded with DOX and ELC at the optimized ratio; NE, ELC-loaded nanoparticle; SD, Sprague Dawley.](ijn-13-6855Fig9){#f9-ijn-13-6855}

![Therapeutic effects of nanoparticles in mice bearing subcutaneous HepG2 tumors. Mice were treated with intravenous injections of the nanoparticles or free drugs (DOX 5 mg/kg; ELC 5.18 mg/kg) via the tail vein.\
**Notes:** (**A**) Tumor growth curves. (**B**) The enlarged profiles of DOX, ND, DOX+ELC, ND+NE, and NDE on the growth of tumors. (**C**) Images of excised tumors in each group at the end point. (**D**) The excised tumors were weighed at the end point. ^\*^*P*\<0.05; ^\*\*^*P*\<0.01; ^\*\*\*^*P*\<0.001. (**E**) Body weight change rate and tumor inhibitory rate after treatment of different formulations. ^a^*P*\<0.001 vs saline; ^b^*P*\<0.05 vs DOX; ^c^*P*\<0.01 vs DOX; ^d^*P*\<0.01 vs ND; ^e^*P*\<0.01 vs ND+NE; ^f^*P*\<0.01 vs ND+NE. (**F**) Weight changes in mice during the treatment. Data are presented as mean±standard deviation (n=6).\
**Abbreviations:** DOX, doxorubicin; ELC, elacridar; NB, blank nanoparticle; ND, DOX-loaded nanoparticle; NDE, nanoparticles loaded with DOX and ELC at the optimized ratio; NE, ELC-loaded nanoparticle.](ijn-13-6855Fig10){#f10-ijn-13-6855}

###### 

Pharmacokinetic parameters of DOX after iv injection of DOX+ELC, ND+NE, and NDE at a dose of 5 mg/kg

  Parameters    Unit        Formulations                                                                
  ------------- ----------- -------------- ------------------------------------------------------------ --------------------------------------------------------------------------------------------------------
  t~1/2β~       h           1.90±0.11      4.19±1.22[a](#tfn2-ijn-13-6855){ref-type="table-fn"}         4.94±1.87[b](#tfn3-ijn-13-6855){ref-type="table-fn"}
  V             L/kg        9.08±1.71      1.37±0.38[a](#tfn2-ijn-13-6855){ref-type="table-fn"}         1.86±0.46[b](#tfn3-ijn-13-6855){ref-type="table-fn"}
  CL            L/h/kg      8.15±1.13      0.62±0.04[a](#tfn2-ijn-13-6855){ref-type="table-fn"}         0.82±0.08[b](#tfn3-ijn-13-6855){ref-type="table-fn"},[c](#tfn4-ijn-13-6855){ref-type="table-fn"}
  AUC~(0--∞)~   µg/L^\*^h   671.76±59.68   8,057.78±492.99[a](#tfn2-ijn-13-6855){ref-type="table-fn"}   6,139.93±508.38[b](#tfn3-ijn-13-6855){ref-type="table-fn"},[c](#tfn4-ijn-13-6855){ref-type="table-fn"}

**Notes:** The pharmacokinetic parameters were analyzed with the BAPP software. Data are presented as mean±standard deviation (n=5).

*P*\<0.01, ND+NE vs DOX+ELC;

*P*\<0.01, NDE vs DOX+ELC;

*P*\<0.001, NDE vs ND+NE.

**Abbreviations:** AUC, area under the curve; CL, clearance; DOX, doxorubicin; ELC, elacridar; ND, DOX-loaded nanoparticle; NDE, nanoparticles loaded with DOX and ELC at the optimized ratio; NE, ELC-loaded nanoparticle; t~1/2~, half-life; V, volume of distribution.

###### 

Pharmacokinetic parameters of ELC after iv injection of DOX+ELC, ND+NE, and NDE at a dose of 5.18 mg/kg

  Parameters    Unit        Formulations                                                                  
  ------------- ----------- ---------------- ------------------------------------------------------------ --------------------------------------------------------------------------------------------------------
  t~1/2β~       h           2.68±0.28        4.31±0.16[a](#tfn6-ijn-13-6855){ref-type="table-fn"}         4.87±0.35[b](#tfn7-ijn-13-6855){ref-type="table-fn"},[c](#tfn8-ijn-13-6855){ref-type="table-fn"}
  V             L/kg        15.25±1.97       3.71±0.32[a](#tfn6-ijn-13-6855){ref-type="table-fn"}         2.78±0.29[b](#tfn7-ijn-13-6855){ref-type="table-fn"},[c](#tfn8-ijn-13-6855){ref-type="table-fn"}
  CL            L/h/kg      4.90±0.29        1.32±0.04[a](#tfn6-ijn-13-6855){ref-type="table-fn"}         0.66±0.07[b](#tfn7-ijn-13-6855){ref-type="table-fn"},[c](#tfn8-ijn-13-6855){ref-type="table-fn"}
  AUC~(0--∞)~   µg/L^\*^h   1,059.58±57.53   3,938.99±116.97[a](#tfn6-ijn-13-6855){ref-type="table-fn"}   7,972.18±722.76[b](#tfn7-ijn-13-6855){ref-type="table-fn"},[c](#tfn8-ijn-13-6855){ref-type="table-fn"}

**Notes:**

*P*\<0.01, ND+NE vs DOX+ELC;

*P*\<0.001, NDE vs DOX+ELC;

*P*\<0.05, NDE vs ND+NE.

**Abbreviations:** AUC, area under the curve; CL, clearance; DOX, doxorubicin; ELC, elacridar; ND, DOX-loaded nanoparticle; NDE, nanoparticles loaded with DOX and ELC at the optimized ratio; NE, ELC-loaded nanoparticle; t~1/2~, half-life; V, volume of distribution.
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